Introduction theless, there were some curious hints that Kss1 might play a role in filamentation. The kss1 knockout allele Although there has been considerable progress in definconfers a weak haploid invasion defect (Roberts and ing the components of signal transduction pathways, ) and a slight reduction in FRE-dependent the mechanisms of signaling specificity remain poorly gene expression (Mö sch et al., 1996; Madhani and Fink, understood . In a number of cases, two different up-1997) . stream signals are transmitted by common components Our data show that Kss1 is the MAPK for the filamentayet produce diverse outcomes. Specificity is a key probtion pathway. This role is not easily discernible in strains lem even in one of the best studied signaling pathways, containing the kss1 null allele because the protein has the mitogen-activated protein kinase (MAPK) cascade two antagonistic functions, a kinase-dependent positive (reviewed by Cobb and Goldsmith, 1995) . This system activity and a novel kinase-independent inhibitory activinvolves sequential protein phosphorylation events that ity. The inhibitory function involves an association with culminate in the activation of MAP kinase by the phosits target, Ste12. Further observations suggest that in phorylation of neighboring threonine and tyrosine resiwild-type cells each MAPK is dedicated to a specific dues. Active MAPK modifies many substrates, including pathway, Fus3 to the pheromone response pathway and transcription factors, which can program different develKss1 to the filamentation and invasion pathway. Only in opmental outcomes. An individual MAPK can signal mulmutants lacking the Fus3 protein can Kss1 supply MAPK tiple responses in a single cell type; for example, murine function for the pheromone response pathway. How-3T3 L1 cells require a MAPK not only for mitogenesis, ever, the inappropriate use of Kss1 destroys the specibut also for differentiation into adipoctyes (Sale et al., ficity of signaling-the pheromone pathway now inap-1995).
propriately stimulates both mating and invasion. Our In Saccharomyces cerevisiae, elements of a single data support the model that the genetic redundancy of MAPK pathway are utilized for both mating and filamen-FUS3 with KSS1 in mating occurs because Kss1 acts tous growth. Haploid yeast cells respond to mating pheras an impostor and replaces Fus3 only when the Fus3 omone via a MAPK cascade (reviewed by Herskowitz, protein is not present. These results demonstrate that 1995). Diploid yeast cells starved for nitrogen undergo pathway-specific MAPKs with distinct inhibitory funca dimorphic transition to form pseudohyphae, which are tions are determinants of signaling specificity. composed of invasive filaments of elongated cells (Gimeno et al., 1992) . A related phenomenon, invasive Results growth, occurs in haploid cells on rich medium (Roberts We hypothesized that Kss1 is the filamentation pathway MAPK but that its role had been previously obscured In this model, unphosphorylated Kss1 inhibits filamentation (and haploid invasion) by inhibiting Ste12-Tec1. Phosphorylation by the MEK homolog Ste7 converts Kss1 from a repressor of filamentation into an activator. The positive function of Kss1 requires its kinase activity, which acts to stimulate the activity of because it has an inhibitory function in addition to an activating function ( Figure 1 ). Deletion of the KSS1 gene would eliminate both of its activities, resulting in an apparently wild-type phenotype owing to a constitutive intrinsic activity of the downstream transcription factor, Ste12-Tec1 (Figure 1 ).
KSS1 Has a Positive Function in Filamentation that Is Downstream of STE7
As a first test of the model, we used hypermorphic alleles of STE11 and STE7 (Stevenson et al., 1992; Yashar et al., 1995) to increase both filamentation and FRE-dependent gene expression in diploid cells (Liu et al., 1993; Mö sch et al., 1996; Madhani and Fink, 1997; and see below) . The hyperinduction of both filamentation and 
STE7-P368) is blocked by mutations in downstream
STE11 and STE7 genes such as STE12 and TEC1 (Liu et al., 1993; (A) Pseudohyphal development of strains harboring STE11-4 or et al., 1996; Madhani and Fink, 1997) . The role of Kss1 STE7-P368. Shown is the growth on SLAD medium of strains L5978 was tested by the introduction of STE11-4 or STE7-P368 (wild type), L6278 (kss1/kss1), and L5986 (ste7/ste7) containing eiinto diploids that harbored either a functional KSS1 gene ther pRS313 (HIS3 and CEN, left column), pSTE11-4/HIS3 (middle (KSS1/KSS1) or a homozygous knockout of KSS1 (kss1/ column), or pSTE7P368/HIS3 (right column). In addition, all strains contained pFRE(Ty1)::lacZ. Plates were incubated for 18 hr at 30ЊC. kss1). On low ammonium medium, the KSS1/KSS1 and (B) FRE(Ty1)::lacZ expression levels. ␤-galactosidase (␤-gal) activity kss1/kss1 strains exhibited a basal level of filamentation was measured on the strains shown in (A). Units are nmol/(min ϫ compared to the ste7/ste7 mutant ( Figure 2A ). In the mg). Bars depict means of measurements performed on three inde-KSS1/KSS1 strain, the hypermorphic alleles strongly inpendent transformants, and error bars show the standard errors. duced filamentation (Figure 2A ), whereas in a kss1/kss1 strain, their ability to induce hyperfilamentation was abolished ( Figure 2A ). This block is specific to the kss1/ acids involved in protein kinase activity. We generated kss1 mutant because analogous mutations in each of a library of mutagenized KSS1 genes and introduced the other five MAPKs of yeast (Hunter and Plowman, them on a centromeric vector into a kss1/kss1 null strain. 1997) did not prevent the activation of filamentation by Mutants of KSS1 defective in filamentation were identi-STE11-4. In a parallel manner, the 8-10-fold enhancefied (see Experimental Procedures). In each case, one ment of expression of the FRE-dependent reporter gene or more amino acid changes in Kss1 was found. Where FRE(Ty1)::lacZ by STE11-4 or STE7-P368 was blocked possible, double mutations were separated, and the in the kss1/kss1 strain ( Figure 2B ). These data argue amino acid substitution responsible for the phenotype that Kss1 acts positively downstream of Ste7 and Ste11.
was determined. Twelve mutants were identified in which a single amino acid change conferred a nonfilakss1 Mutants Defective in the Activation mentous phenotype (Table 1) . The growth on low ammoFunction Alter Amino Acids Involved nium medium of two such mutants, kss1-K42R and kss1-in Protein Kinase Activity T183M, is shown in Figure 3A . The model shown in Figure 1 predicts that it should be
In 10 of the 12 kss1 mutants, the amino acid changes possible to isolate alleles of KSS1 defective in its positive function and that these mutants should affect amino occurred in residues strongly predicted to block Kss1 antibodies, the kinase activities of the immune com- (Choi et al., 1994; Printen and Sprague, 1994; Bardwell kss1-109 T183M L12 (phosphoacceptor) et al. , 1996) . In addition to phosphorylation of the exoge- ste7 null mutant. As shown in Figure 3C , the kss1-K42R mutant exhibits a haploid invasion defect that is compacatalytic activity based on studies of other protein kirable to that of the ste7 mutant and is more severe than nases including mammalian MAPKs (Taylor et al., 1992, that of the kss1 knockout mutant. Consistent with the 1993; Goldsmith and Cobb, 1994) . The K42R mutation strong defect in invasion seen in the kss1-K42R mualters an essential invariant active site lysine residue. tant, expression of the pathway-specific reporter gene This allele abolishes the ability of KSS1 to complement FRE(TEC1)::lacZ is substantially more reduced in this the mating defect of the kss1 fus3 double mutant. The kinase-defective allele than in the kss1 knockout allele T183M change alters one of the two residues in the ( Figure 3D ). Thus, like the filamentous growth of diploids, activation loop phosphorylated by Ste7 (Ma et al., 1995) .
haploid invasion is blocked in mutants defective in the Both phosphoacceptor sites are essential for ability of kinase-dependent positive function of Kss1. KSS1 to complement the kss1 fus3 mutant (Ma et al., 1995) . We constructed a mutation, Y185F, in the other phosphoacceptor and found that this change also KSS1 Also Has an Inhibitory Function confers a nonfilamentous phenotype ( Table 1 ). V186A
that Does Not Require STE7 involves the residue immediately downstream of the Our finding of a positive role for Kss1 downstream of tyrosine phosphoacceptor, whereas Y203H changes a Ste7 suggested that Kss1 is the MAPK of the filamentaconserved residue that forms part of a loop that interacts tion signaling pathway. The absence of a pseudohyphal directly with the phosphoacceptor loop in the human defect in the kss1/kss1 null mutant suggested that Kss1 ERK2 crystal structure (Zhang et al., 1994) . Six other must also have an inhibitory role whose loss can exactly mutations (G20S, G25R, N148S, C160P, C160R, and compensate for the loss of its positive role (Figure 1 ). D161N) affect highly conserved active site residues, Unlike the positive function of Kss1, this negative role which are part of the ATP binding site (reviewed by of Kss1 should not require its activating kinase Ste7. Taylor et al., 1992 Taylor et al., , 1993 Goldsmith and Cobb, 1994) .
According to this model (Figure 1 ), ste7/ste7 mutants The D117E and F334L alleles affect residues of unknown have a filamentation defect because of a Ste7-indepenfunctions in loops 8 and 16, respectively, of unphosphordent inhibitory activity of Kss1. If this deduction is corylated ERK2 (Zhang et al., 1994) . However, the recently rect, then loss of Kss1 function in a ste7/ste7 mutant described structure of the active, phosphorylated ERK2 should restore filamentation. (Canagarajah et al., 1997) reveals that the residue correAs predicted, a kss1/kss1 ste7/ste7 double null homosponding to Kss1-F334 lies in a region that refolds upon zygote formed filaments as well as wild-type diploids phosphorylation into a 3/10 helix that may stabilize the ( Figure 4A ). This result is supported by the controls: active enzyme.
introduction of the wild-type STE7 gene on a centroTo examine the kinase activity of the mutants directly, meric plasmid into the double mutant does not alter its we tagged the C termini of ten of the mutants with three phenotype, whereas the introduction of the wild-type copies of the influenza virus hemagglutinin (HA) epitope.
KSS1 gene resulted in a dramatic reduction in filamentaExtracts were prepared from cells harboring these constructs, and following immunoprecipitation with anti-HA tion ( Figure 4A ). This inhibition of filamentation in the double mutant by KSS1 reflects the previously decould increase the kinase activity of Kss1, either by enhancing its catalytic potency or by conferring resisscribed phenotype of the ste7 homozygote and explicitly demonstrates the Ste7-independent inhibitory activity tance to inactivating phosphatases. The second class (class 2) could alter residues involved in the inhibitory of Kss1. function of Kss1. We reasoned that these two classes could be distinguished by combining the hyperfilamen-A Class of Hyperfilamentation kss1 Mutants Is Defective in the Inhibitory Function tation alleles in cis with a mutation that inactivated the kinase activity of Kss1. The kinase-defective allele To identify residues in Kss1 involved in the Ste7-independent inhibitory function of Kss1, we isolated KSS1
should block hyperfilamentation of class 1 alleles because the latter enhance filamentation by increasing alleles that cause hyperfilamentation. Single amino acid changes that conferred such a phenotype were identicatalytic activity without altering the inhibitory activity. In contrast, a double mutant between a kinase-defective fied in 11 cases; these correspond to seven different mutations (Table 1 ; the kss1-D156G mutant was isolated mutant and a class 2 allele should permit filamentation, because both the positive and negative activities of Kss1 five times). As expected, none of these alleles affected residues known to be required for kinase activity. The would be compromised. We combined the seven hyperfilamentation mutants phenotype was most obvious approximately after 48 hr, a time when wild-type colonies are producing only a in cis with the G20S kinase-defective P-loop mutant and examined pseudohyphal growth after their introduction few filaments at the colony margin. As shown in Figure  4B , a typical hyperfilamentation mutant, kss1-D249G, into a kss1/kss1 knockout strain ( Figure 4C ). In 4 of 7 cases, the phenotype of the resultant double mutation exhibited a much more vigorous filamentation response at 48 hr.
was nonfilamentous (class 1; Table 1 ). In the three remaining cases (kss1-G20S, V179A; kss1-G20S, D249G; In principle, a hyperfilamentous phenotype could occur by two mechanisms. One type of mutation (class 1) and kss1-G20S, E260G), a filamentous phenotype was (A) STE7-independent inhibitory activity of KSS1 on filamentation. Shown is the growth on SLAD medium after 3 days of diploid strains L5657 (wild type) or L6255 (kss1/kss1 ste7/ste7) containing pRS316 (vector), YCpU-STE7, or pKSS1-URA3.
(B) Hyperfilamentous phenotype of kss1-D249G. Shown is the growth on SLAD plus uracil medium of L6278 (kss1/kss1) harboring either pUN90, pKSS1-HIS3, or pkss1D249G-HIS3 . Plates were incubated for 48 hr at 30ЊC.
(C) The kss1-D249G allele partially suppresses the filamentation defect of kss1-G20S when placed in cis. Shown is the growth on SLAD plus uracil medium after 3 days of L6278 containing pUN90, pKSS1-HIS3, pkss1G20S-HIS3, or pkss1G20SD249G-HIS3.
(D) The kss1-D249G mutant is partially defective in the STE7-independent inhibitory activity of KSS1. Shown is the growth on SLAD medium after 3 days of L6255 (kss1/kss1 ste7/ste7) containing YCplac33 (URA3, CEN), pKSS1-URA3, or pkss1D249G-URA3.
(E) Kinase-independent association of Kss1 with Ste12. Extracts from YM105 harboring the indicated HA-tagged KSS1 alleles were subjected to immunoprecipitation using anti-HA antibodies and Western analysis using anti-Ste12 antiserum. The Ste12 band is absent in a ste12 null mutant. Relative Ste12 band intensities: wild-type Kss1, 1.0; K42R, 2.5; V179A, 1.0; D249G, 0.080; E260G, 0.076. The bottom three panels show Western analyses of the total extracts.
observed (kss1-G20S,D249G is shown in Figure 4C ). Of Ste7-independent inhibitory activity ( Figure 4D shows the results with kss1-D249G). As with the G20S double the three, the kss1-G20S,D249G exhibited the greatest level of filamentation, whereas the other two alleles were mutants, the kss1-D249G allele resulted in more filamentation than the other two class 2 alleles, and none appreciably weaker in phenotype. However, the level of filamentation in all three class 2 double mutants was of the three was as defective in inhibition as the kss1 null allele. Thus, the class 2 alleles harbor partial defects lower than that seen in the kss1 null mutant diploid, indicating a partial rather than complete defect in the in the kinase-independent, STE7-independent inhibitory activity of KSS1. inhibitory function. This result is not surprising since alleles with only partial defects in the inhibitory function To confirm that the class 2 KSS1 alleles enhance filamentation by affecting the activity of Ste12-Tec1, we would nonetheless be expected to yield a hyperfilamentous phenotype.
measured FRE-dependent gene expression of in these mutants ( Table 2) . As expected, each of the class 2 To rule out the possibility that combination of the G20S mutation with the inhibition-defective class 2 mumutants increased expression of FRE(Ty1)::lacZ. Conversely, comparison of a ste7/ste7 strain with a ste7/ tants allows filamentation for trivial reasons, such as a decrease in protein stability (note that the single mutants ste7 kss1/kss1 strain demonstrated that the wild-type KSS1 allele suppressed expression of FRE(Ty1)::lacZ are stable-see Figure 4E below), we sought to reproduce this result in a different fashion. By utilizing a ste7 (Table 2 ). These data argue that the inhibitory function of Kss1 acts upon Ste12-Tec1. mutant, we were able to inactivate the kinase-dependent positive function of Kss1 without altering its amino acid sequence. We introduced the three class 2 alleles into Association of Kss1 with Ste12 Is Disrupted by Mutations in the Kss1 Inhibition Function a kss1 ste7 homozygous null diploid strain. While wildtype KSS1 dramatically reduced filamentation when inHow does Kss1 inhibit FRE-dependent transcription and development? The simplest possibility would be troduced into this strain, the class 2 alleles failed to suppress filamentation, demonstrating defects in the that Kss1 directly associates with Ste12 and/or Tec1, Figure 5A ; Madhani and Fink, 1997) . Addition HA3 was immunoprecipitated using anti-HA epitope anof pheromone resulted in no effect on reporter gene tibodies, and the immunoprecipitate was examined for expression in wild type, but an enhancement was seen the presence of Ste12 using anti-Ste12 antibodies. Samin the fus3 strain, which produced 10-fold higher ples from strains expressing wild-type Kss1 showed ␤-galactosidase levels than pheromone-treated wildcoimmunoprecipitation of Ste12 with Kss1 ( Figure 4E , type cells ( Figure 5A ). The increased expression of lane 2). This association required the presence of KSS1-FRE(TEC1)::lacZ in the fus3 strain was dependent on HA3 (lane 1). The interaction was independent of the the pheromone response pathway, because it was elimikinase activity of Kss1 since Ste12 was coimmunoprenated in fus3 ste4 double mutant (STE4 encodes the ␤ cipitated with the Kss1-K42R mutant (lane 3). Indeed, a subunit of the pheromone receptor-coupled G protein). consistently larger amount of Ste12 was associated with
Fus3 Prevents the Inappropriate Activation of FREs
Because KSS1 can replace FUS3 in the mating pathway, the K42R mutant than with wild-type Kss1; the same we examined whether the increased levels of reporter was found to be true of the phosphoacceptor mutant expression required KSS1. As with STE4, the additional Y185F (data not shown). In contrast, two of the three disruption of KSS1 suppressed the increased expresclass 2 mutants (Kss1-D249G and Kss1-E260G), showed sion observed in the fus3 mutant ( Figure 5A ). reduced coimmunoprecipitation as compared to wildSince signaling via the mating pathway induces the type Kss1 (lanes 5 and 6). The exception is the Kss1-kinase activity of Fus3, we determined whether the abil-V179A mutant, which, like the Kss1-E260G mutant, exity of Fus3 to prevent the inappropriate activation of hibited a relatively mild defect in inhibition in vivo (lane 4; FRE(TEC1)::lacZ requires its kinase activity. In the absee Discussion). Western analysis of the native extracts sence of pheromone treatment, the fus3-K42R kinasedemonstrated equivalent expression of the tagged mudefective mutant did not exhibit the enhanced exprestants and Ste12 relative to an ␣-tubulin internal control sion of the reporter observed in the fus3 null ( Figure  5A ). Moreover, when pheromone is added, only a slight ( Figure 4E ). increase was observed. Hence, the ability of Fus3 to a quantitative mating assay ( Figure 7A ). As described previously, a kss1 strain demonstrated no defect in matprevent activation of FREs by the pheromone response pathway is largely independent of its kinase activity.
ing as compared to wild type, whereas a fus3 knockout strain exhibited a slightly reduced mating efficiency (apThese results led us to test whether the hyperinvasive phenotype of the fus3 null mutant was due to the inapproximately 10% of wild type). However, the fus3-K42R allele exhibited a much stronger defect in mating propriate activation of invasion pathway by the mating pathway. We examined the effects ste4, kss1 and fus3-(0.009% of wild type). The defect of the fus3-K42R mutant is recessive to wild-type FUS3, and the sterility is K42R mutants on the hyperinvasive phenotype of the fus3 knockout. As expected from the observations using specific to the kinase-defective FUS3 allele because the analogous kss1-K42R allele displayed a high mating FRE(TEC1)::lacZ, the additional mutation of STE4 or KSS1 or the introduction of fus3-K42R suppressed the efficiency comparable to that of KSS1 ( Figure 7A ). To demonstrate that fus3-K42R affects pheromone signalhyperinvasive phenotype of the fus3 knockout allele ( Figure 5B) . ing, we examined the expression of the mating pathway reporter STE2::lacZ (Hwang-Shum et al., 1991) . The These data can be accommodated by the following model. In wild-type cells, Fus3 (and not Kss1) functions fus3-K42R mutation reduced expression to the level seen in the kss1 fus3 mutant ( Figure 7B ). (The substantial as the MAPK for the pheromone response pathway (Figure 6A) . In its absence, Kss1 inappropriately takes it [ca. 2000 units] activity of STE2::lacZ, which is independent of pheromone signaling, had been observed preplace and becomes activated by pheromone. Once recruited in this manner, Kss1 activates two gene expresviously; Hwang-Shum et al., 1991). As with mating, the reduction in signaling conferred by fus3-K42R was ression programs, the mating response and the invasive growth regimen ( Figure 6B ). This scheme explains the cued by the presence of wild-type FUS3. As expected, the kss1-K42R strain exhibited nearly wild-type levels requirement for STE4 and KSS1 for the inappropriate activation of FREs by the mating pheromone and for of STE2::lacZ expression.
To examine the role of KSS1 in mating using a different hyperinvasion in the fus3 null allele. Moreover, the ability of Fus3-K42R to prevent these events can be rationalapproach, we exploited the observation (Chenevert et al., 1994 ) that subtle mating defects can be greatly exagized if this kinase-defective molecule retains its ability to prevent Kss1 from gaining access to the pheromone gerated by using an enfeebled mating partner, such as a fus1 fus2 cell fusion-defective mutant. While a wildsignaling machinery ( Figure 6C ).
type strain mated to the fus1 fus2 strain with an frequency of 0.5 Ϯ 0.1, the fus3 null mutant mated at a Kss1 Cannot Provide Mating MAPK Function in Cells very low frequency (Ͻ10
Ϫ4
). In sharp contrast, the kss1 that Contain Catalytically Inactive Fus3 null mutant mated with wild-type efficiency (0.7 Ϯ 0.1). An important implication of the model described above Thus, this extremely sensitive assay failed to uncover is that Kss1 is not involved in the mating MAPK cascade any contribution of Kss1 to mating in the presence of in wild-type cells because it is excluded by Fus3. Only Fus3. in null mutants lacking Fus3 can Kss1 substitute for Fus3 in this pathway. Consequently, the kinase-defective fus3-K42R mutant would be expected to yield a Filamentation in the Absence of KSS1 Is Independent of Other MAPKs much stronger mating defect than the fus3 null mutant.
We compared the mating efficiencies of haploid wildBecause filamentation and FRE-dependent gene expression can occur in the absence of KSS1 and FUS3, type, kss1, fus3, kss1 fus3, and fus3-K42R strains using strains were viable but grew somewhat more slowly than wild type. Perhaps because of this growth defect, we were unable to obtain diploid strains from these haploid segregants, even after the introduction of the wild-type FUS3. Thus, we analyzed the filamentous growth phenotype of these strains by creating MATa/MAT␣ pseudodiploids through the introduction of the opposite mating type locus . The sextuple MAPK mutant pseudodiploid did not show a discernible filamentation defect, whereas a severe defect was observed in the ste7 mutant control. Strains containing disruptions of FUS3 and KSS1 with all possible single, double, and triple disruptions of the genes encoding the other four MAPKs (Table 3 ) exhibited no defect in filamentation.
Discussion

Functional Specialization of MAPKs in a Signaling Hierarchy Containing Shared Components
Using the intersection of the filamentation/invasion and mating pathways of S. cerevisiae as a paradigm, we have investigated the mechanisms that contribute to the specificity of MAPK signaling. Our studies show that the MAP kinases themselves are specialized and consequently act as key determinants of signaling fidelity. Kss1 regulates diploid pseudohyphal development and haploid invasive growth, whereas Fus3 acts during mating. Remarkably, in addition to their positive kinase- Although it was shown previously that null alleles of (Elion et al., 1991; Ma et al., 1995 apparent in the deletion allele because Kss1 has two antagonistic activities: a kinase-dependent function that activates filamentation and a novel kinase-independent activity that inhibits filamentation (Figure 1) . The kinasewe tested the possibility that another yeast MAPK activates pseudohyphal growth. The four remaining MAPKs dependent positive role is supported by the ability of homozygous deletion of KSS1 to block the induction of encoded by the yeast genome (Hog1, Mlp1, Mpk1, and Smk1) had been characterized previously (reviewed by the filamentation pathway by activated alleles of the MEK STE7 and the MEKK STE11, and by the isolation Herskowitz, 1995; Hunter and Plowman, 1997; see also Watanabe et al., 1997) . Diploid strains were constructed of mutants of KSS1 that are defective in filamentation and that encode kinase-defective versions of the prothat were homozygous for disruptions of each of these MAPKs (e.g., mlp1/mlp1; Table 3 ). None showed a filatein. A kinase-independent and Ste7-independent negative role for Kss1 is supported by the ability of KSS1 to mentation defect. Strains containing a disruption of the HOG1 gene were consistently more filamentous than inhibit filamentation in a strain in which STE7 is deleted and by the isolation of alleles of KSS1 that are defective wild type, which may related to the previously observed inhibitory action of the HOG pathway on the STE signalin this inhibitory function. Whereas the positive and negative activities of KSS1 ing pathway (Hall et al., 1996) .
To rule out the possibility of a redundant requirement appear to be of equal importance in diploids (yielding an apparently wild-type phenotype in the null allele), for multiple MAPKs, strains were created that contained disruptions of the genes for all six MAPKs (Table 3) . Such in haploid cells the positive activity plays a somewhat larger role than does the negative activity. This concluthat exhibited a partial defect in the kinase-and Ste7-independent inhibitory function. Each contains an amino sion derives from the partial defect in haploid invasive growth and reporter gene expression seen in the kss1 acid change in one of two structural elements: V179A affects a residue in the activation loop, whereas D249G null strain. Nonetheless, a haploid strain with a kinasedefective KSS1 allele shows a further decrease in invaand E260G affect residues in the MAP kinase insertion (MKI). MAPKs can be distinguished from other protein sion and reporter gene expression, showing that KSS1 has an inhibitory function in haploid invasion as it does kinases by this conserved peptide, which is found inserted between helices G and H (Canagarajah et al., in diploid pseudohyphal development. To characterize the negative activity, hyperfilamenta-1997). Crystallographic analysis shows that the MKI folds into a helix-turn-helix structure (Zhang et al., 1994) . tion mutants were isolated, and a subset was identified Interestingly, upon phosphorylation of the human ERK2
What Regulates Filamentation in the Absence MAPK, the MKI detaches from the activation loop and of the Kss1 MAPK Pathway? becomes partially disordered (Canagarajah et al., 1997) .
The ability of kss1 deletion strains to undergo filamenThese properties are in accord with our assignment of tous growth could be a consequence of the constitutive a function for the MKI that is specific to the unphosphoractivation of FRE-containing promoters by the Ste12-Tec1 ylated form of the Kss1 MAPK. transcription factor. However, this notion fails to explain In investigating the mechanism of inhibition, we conthe fact that kss1 null mutants, like KSS1 strains, are sidered the simplest possibility, namely that Kss1 assostill under nutritional control. That is, diploid kss1/kss1 ciates directly with its target, Ste12-Tec1, to inactivate strains form pseudohyphae only when starved for nitroit by sequestration. We have tested this model with gen (data not shown). One possible explanation would respect to the Ste12 subunit. Epitope-tagged Kss1 asbe that the MAPK pathway does not sense nitrogen sociates with Ste12. As expected for an interaction instarvation but, rather, monitors a different environmental volved in the inhibitory activity, the interaction was kicue important for the switch to filamentous growth such nase independent. Two of the three mutants defective as carbon source or pH. Another possibility is that in in inhibition, D249G and E260G, fail to associate with the kss1 null mutant, FREs are under the control of an Ste12 in cell extracts. The other inhibition-defective mualternate regulatory pathway. Our preliminary data are tant, V179A, associates with Ste12. The discrepancy consistent with the latter hypothesis (H. D. M., C. A. S., between the in vivo and in vitro phenotypes of V179A and G. R. F., unpublished data). may reflect a differential sensitivity of the Kss1-Ste12 interaction to this amino acid change in the two conditions. Alternatively, V179A may disrupt a distinct interacFus3 as a Specificity Factor tion that facilitates the inhibitory activity. Nonetheless,
The hyperinvasive phenotype of the fus3 null mutant is the ability of Kss1 to associate with Ste12 in a kinaseunique among loss-of-function mutants in components independent manner and the sensitivity of this interacof the pheromone signaling pathway (Roberts and Fink, tion to mutations that affect the inhibitory activity sup-1994) . Correlated with this phenotype is an increased port the notion that the negative function of Kss1 occurs level of FRE-dependent reporter gene expression (Madvia a physical complex with its target(s) and that the hani and Fink, 1997). Here, we have found that both the interaction with Ste12 is at least part of this mechanism.
hyperinvasive phenotype and increased reporter gene There are numerous examples of stable associations expression seen in the fus3 null allele requires a compobetween inactive MAPKs and their targets; however, the nent of the pheromone response pathway that acts upfunctions of these interactions are poorly understood stream of the MAPK cascade, namely STE4, which en-(reviewed by Treisman, 1996) . Given the inhibitory role codes the ␤ subunit of the pheromone receptor-coupled of the association of Kss1 with Ste12, the binding of G protein. This requirement was unexpected because MAPKs to their substrates may reflect previously unrecsingle ste4 mutants do not affect haploid invasion or ognized inhibitory activities. Mutations in the MKI region FRE-dependent gene expression (Roberts and Fink, of other MAPKs may therefore disrupt such interactions 1994; Madhani and Fink, 1997) . Thus, in the fus3 null and derepress signaling. The dual antagonistic activities mutant, the invasion pathway is inappropriately reguof Kss1 (and perhaps other MAPKs) may promote tighter lated by the pheromone response pathway, which is regulation by combining repression with activation and known to be active at a basal level in the absence of might also serve to pretarget substrates to the kinase mating pheromone (Hagen et al., 1991) . This inapproprias a mechanism that enhances the fidelity and efficiency ate regulation also requires Kss1, the MAPK for the of phosphorylation events. filamentation and invasion pathway. Our data argue that transduction through the MAPK The key role played by the MAPKs in signaling specicascade leads to the activation of Kss1 and an acquisificity is further illustrated by the erroneous induction of tion of a kinase-dependent positive activity. The mecha-FRE-dependent gene expression by pheromones in the nism of activation is most likely direct phosphorylation fus3 null mutant. This induction also requires STE4 and by the MEK homolog Ste7, which acts upstream of Kss1 KSS1. These data are consistent with the idea that, in the and which strongly interacts with Kss1 in vivo and in vitro absence of Fus3, Kss1 gains access to the pheromone (Choi et al., 1994; Printen and Sprague, 1994; Bardwell et signaling complexes as an impostor and becomes actial., 1996) . The activation of Kss1 by Ste7 must result in vated by them ( Figure 6B ). Once activated, it enhances more than merely a relief of the inhibitory activity of invasion over the level seen in wild-type cells and inKss1. If the latter were true, then the null allele of KSS1 creases FRE-dependent gene expression in response would have the same phenotype as mutants that actito the mating pathway. vate the pathway such as STE11-4 and STE7-P368.
The ability of Fus3 to prevent these abnormal signaling However, activation of the pathway increases filamentaand invasion events is independent of its kinase activity tion beyond the level seen in the KSS1 null mutant.
since the fus3-K42R kinase-defective mutant does not Likewise, it would not have been possible to isolate result in increased invasion or FRE-dependent gene exalleles of KSS1 that promote more pseudohyphae forpression. These results suggest that the physical presmation than the null allele. Candidate substrates for the ence of the Fus3 protein may prevent Kss1 from interkinase-dependent positive activity of Kss1 that stimuacting with pheromone pathway-specific components lates filamentation and invasion include the pathwaysuch as the MAPK cascade tethering protein Ste5 (Figspecific transcription 
Quantitative Mating Assays
Dissection of Genetic Redundancy
Assays were performed as described .
Our model (Figure 6 ) led us to reevaluate the role previously ascribed to KSS1 in mating, which was defined
Molecular Biological Methods
by the ability of KSS1 to compensate for the deletion
Yeast-E. coli Shuttle Vectors
of FUS3 (Elion et al., 1991) . However, this substitution
The shuttle vectors used in this study have been described preresults in a loss of signaling specificity and therefore viously (Elledge and Davis, 1988; Gietz and Sugino, 1988; Sikorski and Hieter, 1989 of 10 Ϫ4 compared to wild-type cells ( Figure 6C ). This
The Y185F mutant was constructed by the primer-overlap method mating defect is recessive to wild-type FUS3, arguing (Higuchi, 1989) and cloned into pUN90 (HIS3, CEN) .
against the possibility that this allele would be dominant-
Epitope Tagging of KSS1
negative on wild-type KSS1. Although severe, the mat-KSS1 was epitope tagged with three copies of the influenza hemaging deficiency of fus3-K42R is not as strong as that of glutinin (HA3) tag using the PCR epitope-tagging method (Schneider et al., 1995) and cloned into YEplac195 using EcoRI and SphI. Tagthe ste7 null allele for which we detected no mating ging of the mutants was performed by substituting the BspEI-SphI activity (Ͻ10 Ϫ5 diploids formed). This residual mating fragment of the mutant with that of the tagged construct.
may be due to the low-level kinase activity of the Fus3-
Construction of G20S Double Mutants
K42R protein (Brill et al., 1994) . Even when tested in a kss1-101 (G20S) was first subcloned into YCplac33 (URA3, CEN).
highly sensitive mating assay (Chenevert et al., 1994) ,
The XbaI site was destroyed yielding pkss1G20S⌬Xba. The BsiWISphI fragment of each mutant was used to replace that of pG20S-the kss1 null mutant mates with wild-type efficiency, ⌬Xba.
supporting the contention that Kss1 does not normally
Reporter Genes function in mating.
FRE(Ty1)::lacZ and FRE(TEC1)::lacZ have been described pre-
The assignment of Kss1 to the haploid invasion pathviously (Madhani and Fink, 1997 , Kss1 exhibits high activity than does FRE(Ty1)::lacZ (Madhani and Fink, 1997) . The STE2::lacZ in this situation (Bardwell et al., 1996) . Likewise, Fus3 fusion used is carried on pSL1169 (Hwang-Shum et al., 1991) .
kinase activity is highly pheromone inducible , but only a slight increase (less than 3-fold) is
Biochemical Methods
seen with Kss1 (Bardwell et al., 1996) . While this small ␤-Galactosidase Assay Assays were performed on extracts of exponential-phase cultures rise is not predicted by our model, it may be due to the as described previously (Mö sch et al., 1996) .
fact that Kss1 was overexpressed 30-fold and immuno-
Extract Preparation and Immunoprecipitation
precipitated from a fus3 null mutant strain in these exExtract preparation and immunoprecipitations were performed as periments (Bardwell et al., 1996) .
described (Tedford et al., 1997) .
In sum, our data are most simply explained by the
Western Analysis
Western analysis was performed as described (Roberts et al., 1997) .
notion that Kss1 does not normally function in the mating
Immune Complex Kinase Assays
MAPK cascade in wild-type haploids and lead to a simFor kinase assays, the epitope-tagged mutants described above ple conclusion: Fus3 is the MAPK for the mating pathway were subcloned into YEplac112 (TRP1, 2) and expressed in YM105
and Kss1 is the MAPK for the filamentation/invasion (kss1::his3) containing pSL1509 (STE11-4, URA3, CEN). Kinase pathway ( Figure 6A ). By activating different transcription assays were performed on immune complexes as described (Tedford et al., 1997) .
factor substrates (Ste12-Ste12 or Ste12-Mcm1 versus Ste12-Tec1 complexes), these specialized MAPKs can,
